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SUMMARY 
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USING PENTABOWE !FUEL 

A turbojet  engine  having a two-stage  turbine w a s  operated ?-ith ic 

pentaborane f u e l  continuously  for 11.5 minutes at a simulated  a+titude ! 
of 55,000 f ee t  a t  a f l i g h t  Mach nmber  of 
an NACA combustor designed spec i f ica l ly   for   me w i t h  

Although the net-thrust  specific  fuel 
duced 32 percent below that  obtained with gasoline fuel, the  occurrence 

i n  a subsequent  increase in   spec i f i c   fue l  consumption t o  a value  only 
11.5 percent lower than that for  gasoline. This th rus t   de f i c i t  stemmed 

which in   tu rn   re f lec ted  itself pr imari ly   in  an unusually  high  tailpipe 
pressure loss .  The tailpipe  pressure l o s s  and thus the thrust   def ic i t  
w e r e  magnified  by the high i n i t i a l  loading of the turbine and the  con- 
sequent  high exit Mach numbers. With a more conservatively  designed tur- 
bine  the  tailpipe  losses would be  reduced t o  a fract ion of the increased 
values. An equilibrium  condition between the  deposition and erosion of 
boric  oxide  within the engine w a s  approached after approximately 4 min- 
utes of operation with pentaborane fuel   but  was not  completely  estab- 
lished a t  the end of the run. NOFORY 

. of a 25-percent loss i n  net thrust after 8 minutes of operation  resulted 

. almost ent i re ly  from a  3-percentage-point loss  in  turbine  efficiency, 
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The continuing requirements f o r  increased range and a l t i t ude   fo r  
mil i tary  a i rcraf t  have created considerable  interest  in the use of high- 
energy fuel .  One group of such fuels  currently  being  considered is the 
boron  hydride family and fuels  related to this group. The principal 
boron hydride that ha6 been used  experimentally t o  date is pentaborane, 
which has a heating  value of 29,000 gtu per pound. A re la ted   fue l  of 
in te res t  i s  ethyldecaboraae, which ha6 a heating  value of approximately . 26,000 Btu  per pound. 

Pentaborane w a s  considered  typical of the boron hydride  family in- 
L sofaz as combustion characterist ics and products of cmbustion are con- 

cerned and thus was made available  in  small   quantit ies  for combustor and 
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full-scale engine tests. Ini t ia l   ful l -scale   turbojet   engine tests using 
pentaborane fuel  are  reported  in  references 1 and 2. The resul ts   indi-  
cated that a significant  reduction  in  engine performance  occurred becaue  
of boric  oxide  deposits i n  the turbine and ta i lpipe.  The turbojet  en- *- 
gines used incorporated  conventional  hydrocarbon-fuel  combustors f o r  use 
with pentaborane fuel. 'One of the principal  reasons  for  engine  perfom- 
ance loss was believed t o  be runoff of boric  oxide from the combustor : 
walls onto  the  turbine assembly, which resulted  in  turbine performance 
losses. It should  be  noted that the engines of references 1 and 2 in- 
corporated  single-stage  turbines. 

. .. 

IP 

In an e f l o r t   t o  minimize the boric  oxide  runoff from the combustor 
walls, investigations were conducted i n  combustor tes t  r i g s   t o  iktermfne 
a combustor design  suitable  for use with pentaborane fuel .  The perform- 
ance of pentaborane f u e l  i n  a quarter-sector  annular combustor designed 
specif ical ly   to  reduce  boric  oxide runoff is  reported In reference 3. 

The primary  objectives of the investigation  reported  herein were t o  
determine the  effect  of t h i s  new combustor design on boric  oxide  deposi- 
t ion  on engine p & ~  and t o  determine the effect  of boric  oxide  deposi- 
t ion  on the performance of a multistage  turbine.  Therefore, a combustor 
similar t o   t h e  combustor of reference 3 w a s  instal led in a turbojet en- 
gine  that  incorporated a two-stage  turbine. The multistage-turbine en- 
gine was selected  because it i s  somewhat representative of the  engines 
present ly   in  use and i n  the development stage. 

Pentaborane fue l  fapprox. 130 lb)  was used In  the engine  performance 
evaluation  reported  herein. The engine was operated In an a l t i t u d e   t e s t  
chamber of the NACA Lewis laboratory at a simulated  altitude of 55,000 
f e e t  and a flight Mach number of 0.8. The quantity of pentaborane tha t  
w a s  a l lo t ted   for  this investigation  permitted 11.5 minutes  opcontinuous 
engine  operation. The dat-a presented  herein show the engine component 
and over-all performance deterioration  with  operation on pentaborane fuel .  
Photographs of oxide  deposits on the major, engine components are  also 
included. - - 

.. 

. .  . . ,  . . 
- 

APPARATUS 

A schemat-ic diagras of the engine used i n  th i s  investigation is 
sham  in  figure 1. The engine  consisted of an  axial-flow compressor wtth 
a moderate pressure  ratio,  an  annular combustor, and a two-stage  turbine. 
An afterburner  tailpipe was used with a variable-area  clamshell  exhaust 
nozzle which permitted  operation at the maximum allowsble  turbine-outlet 
gas temperature of l l 7 O 0  F and rated eerie speed. ~- . 
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.. Combustor 

A cross  section of the  NACA combustor designed for  use  with  penta- . borane f u e l  that was used in   t h i s   i nves t iga t ion  is  shown in   f i gu re  2. 
A photograph of the  combustor instal led i n  the  engine i s  shown in f ig -  
ure 3; one-half of the outer w a l l  was removed f o r  this photograph. The 
l iner  w a l l s  were a series of louvers  arranged t o  produce a continuous 
film of air on the  l iner walls t o  minimize the  oxide  deposition on the 
walls. A perforated  plate w a s  used at the combustor i n l e t   t o  prevent a 
recirculation zone i n  - .... the  -. region of the fuel  nozzles. Secondary-mixing 
air s lo t s  w e r e  located midway between the  fuel  nozzles and the cambustor 
ex i t   to   cont ro l   the  combustor-outlet  temperature prof i les .  The combustor 
was geometrically similar t o  the combustor reported i n  reference 3. 

8 
M 
dc 

Details of the  air-atomizing  fuel  nozzles are shown i n   f i g u r e  4. 
Forty  fuel  nozzles were used  and-were  equally  spaced  circumferentially. 
Twenty of these  nozzles w e r e  used  during  pentaborane  operation and twenty 
alternate nozzles were used during  operation  with  gasoline. The nozzles 
injected  radially  into  the cambustor t o  minimize the area of f u e l  nozzle' 
exposed t o  compressor-discharge air temperatures so that   fuel   heat ing 

also provided  cooling. 

?d 

B 
? 
0 u - within the fuel nozzle would be minimized. The air us.ed fo r  atomization 

.I - ... Fuel System 

A dual   fuel  system w a s  used which allowed operation  with  either pen- 
taborane o r  gasoline fue l .  In  the pentaborane f u e l  system  helium pres- 
sure w a s  used to   fo rce  pentaborane fue l   i n to   t he  engine. A diagram of 
the  pentaborane f u e l  system i s  shown i n  f igure 5. The purge system used 
helium and dry JP-4 f u e l  a l t e rna te ly   t o   i ne r t   t he  system before ana a f t e r  
the pentaborane f u e l  test. , The standard  engine  fuel system was  used fo r  
the  gasoline  fuel. 

Fuel  Properties 

The gasoline used was  72-octane unleaded f u e l  with a lower heating 
value of 18,850 N u  per pound. The pentaborane used had a puri ty  of ap- 
proximately 99 percent, and its properties were as follows: 

Molecular w e i g h t  . . . . . . . . . . . . . . . . . . . . . . . . .  63.17 
Meltingpoint, 9 . . . . . . . . . . . . . . . . . . . . . . . . .  -52 
Boiling  point  at 760 mm Eg, ?E' . . . . . . . . . . . . . . . . . . .  136 
Lower heat of couibustion, Btu/lb . . . . . . . . . . . . . . . .  29,100 
Speclfic  gravity at 3 2 O  F . . . . . . . . . . . . . . . . . . . .  0.644 
Stoichiometric fuel-air r a t i o  . . . . . . . . . . . . . . . . . .  0.0764 
Pounds of B203 per million Btu . . . . . . . . . . . . . . . . . . .  94 
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Instrumentation 

Location of instrumentation  stations and the number oppres swe  and 
temperature  instruments a t  each s ta t ion  are shown i n  figure 1. Engine . '  

airflow was measured at s ta t ion 1. The fue l  flow was measured with vane- 
type flowmeters in both fue l  systems. Engine jet  thrust  w a s  measured Wth 
a null-type t h r u s t  c e l l .  

Instal la t ion rp 
W 
03 
P 

The engine was  ins ta l led   in  an a l t i t ude   t e s t  chamber  which consists 
of a tank 10 f e e t   i n  diameter and 60 f ee t  long divided  into two compart- 
ments  by a bulkhead.  Air a t  ram pressur-as ducted from the  f ront  cam- 
partment t o   t he  engine in l e t  through a bellmouth in l e t  and a Venturi, 
which was used t o  measure airflow. A labyrinth seal around the   i n l e t  
duct was used t o  prevent  leakage from the f ron t   t o   t he  rear compartment 
where the ambient altitude  pressure w a s  maintained. The engine was 
mounted  on a thrust-measuring  platform i n   t h e  reax compartment. 

" 

c 
. "- 

The engine  operating  conditions,  established during operation on .  
gasoline  fuel,  simulated a pressure  alt i tude of 55,000 feet at a f l i gh t  
Mach number of 0.8 with an  engine-inlet temperature of 60° F. The en- 
gine was operated a t   ra ted  epeed with an exhaust-gas  temperature of' - 

1170' F . A t  t h i s  test-point engine performance data were recorded. The 
pentaborane fuel .system was then purged with both helium and dry JF-4 
fuel  to  el iminate air and any contamfnatiarin-the f u e l  syatem. Follow- 
ing  the system purge the pentaborane  supply tank. was pressurized with 
helium. With the eng-ine operating at the aforementioned t e s t  conditfons, 
a switch i n  fuels was  m a d e  by gradually  decreasing  the  gasoline flow and 
increasing  pentaborane  flow until the engine was operating solely on 
pentaborane. The switchover was accomplished i n  approximately 45 seconds. 
During operation with pentaborane  exhaust-nozzle area and engine fue l  
flow were modulated t o  hold  engine  speed and exhaust-gas  temperature 
constant at the i r   in i t ia l   va lues .  When the exhaust  nozzle was  fu l ly  
open, engine f u e l  flow and speed were reduced so as t o  maintain the 
exhaust-gas  temperature  approximately  constant. 

.. 

The duration of the run with pentaborane was 11.5 minutes. Data 
were taken at approximately 30-second intervals  during the run. The data 
taken are  presented in table I. The symbols used herein are l i s t ed  i n  
appendix A and the methods of calculation'  are  presented i n  appendix B. 



NACA RM E57C20 

RESILTS AND DISCUSSION 

Oxide Formation and Deposition 

5 

One of the  products of combustion of boron compounds is boric  oxide, 
which i s  a  viscous f l u i d  at the  temperatures  generally  encountered i n  
turbojet  engines. If thermal  decomposition of pentaborane fue l  occurs, 
the deconposed fue l  forms clinkers similar t o  the coke from  hydrocarbon 
fuels .  The amount  of f u e l  consumed during  the 11.5 minutes of operation 
with pentaborane  resulted i n  formation of about 356  pounds of boric ox- 
ide. The major portion of t h i s  oxide  passed  through the  eng5ne i n   t h e  
form of microscopic  drops of l iquid suspended i n  the main gas  stream. 
However, significant amounts  were deposited on the  metal  surfaces  in the 
hot sections of the engine. The w e i g h t  of the  oxide  deposited on engine 
par ts  was not  determined. 

Examination of t he  combustor section  following  the  run showed that 
the  majority of the pentaborane f u e l  nozzles were r e l a t ive ly   f r ee  of 
oxide  deposits. However, t h e   f u e l  nozzles  adjacent t o   t he  combustor 
s p l i t   l i n e  had large clinker  formations (decomposed fuel)  surrounding 

stream of these  clinker  formations had  chunks of clinker wedged i n  the 
stator passages. (The  two f u e l  nozzles missing in the photograph of f i g .  

combustor walls w e r e  generally  free of heavy oxide  deposits, and the  
condition of the combustor indicated that oxide  runoff from the  walls 
was a minimum. A sketch of the  oxide  deposit  that  occurred i s  shown i n  
figure  6(c]. 

. the  nozzle as shown i n  figure 6. The turbine s ta to r  immediately down- 

- 6(b) were removed during a preliminary  inspection of the  engine. The 

The oxide  deposits  that  occurred on the f i rs t -s tage  turbine  s ta tor  
( f ig .   7(a))  were f a i r l y  uniform i n  thickness from root t o  t i p  with the  
exception of clinkers  previously mentioned. The blade surfaces were 
roughened by the  buildup of oxide and by bits of decomposed f u e l  embedded 
i n   t h e  oxide. The effect  that shutting down the engine had on these de- 
posi ts  could  not be determined. It is  poseible that during the engine 
shutdown, the oxide-film  roughness  increased  because of the  reduction  in 
temperatures. The first-stage  rotor  blade  surfaces  (fig.  7(b) } w e r e  r e l -  
a t ive ly   f ree  of oxide; however, there were indications  (fine  radial  
ridges) of r ad ia l  f l o w  of oxide from root to t i p  on the  blades. These 
ridges roughened the  surfaces of the  blades. The leading edges of the 
second-stage stator  blades  (fig.   7(c)) w e r e  re la t ive ly   f ree  of oxide  de- 
posits,  although oxide  deposits i n  the blade  passages md at the   t r a i l i ng  
edges were heavy, as  shown i n   f i g u r e  7(d).  It can be  seen that oxide 
deposition was greater on the  suction  surfaces of the  blades. As a re-  

posits on the  second-stage s ta tor  were heavier   a t   the   blade  t ip   than at 
the  blade root .  Some p a r t i a l  blocking of the  stator  passages  occurred 
in the tip  sect ions of the blades. The second-stage  turbine  rotor  blades 

c s u l t  of the  centrifuging  action of the  f irst-stage  rotor,   the  oxide de- 
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(fig.   7(e) 1 l ike  the  f irst-stage  rotor  blades  indicated a rad ia l  flow of - 
oxide on the  blades. There was a slight buildup of oxide at the  blade 
tips. It could  not  be  determined  whetherthis  buildup  occurred  during 
engine shutdown. Both sets of turbine  rotor blades showed evidence of 
rubbing at t h e   t i p s   i n   t h e  oxide  deposits  present on the  shrouds. In- 
spection of the  blade  t ips  indicated  that   the rubbing  occurred  with en- 
gine  windmilling after the  run when the  oxide was  actually a solid.  

. .  

The tailpipe  diffuser  section {fig.  8(a}-} had relat ively heavy ox- 
ide  deposits  ranging from 118 t o  1/4 inch  thick. The heavy deposit a 
covered a length of approximately 2 f ee t  on the  outer  cone and 1.5 fee t  
on the  inner cone. Downstream of the heavy deposits  the  surfaces of the  
ta i lp ipe  and tailcone w e r e  coated with a very  thin film of boric  oxide 
(fig.   8(b) ) . The tailpipe  skin  temperature w a s  approximately l l O O o  F . 
The deposit  that  occurred at the  exhaust-nozzle r L m  (fig.  8(b)) appeared 
t o  be a m F x t u r e  of boric  oxide in   the  vi t reous and crystal l ine  s ta tes  
and was not  great enough to interfere  with  nozzle  operation or  greatly 
decrease  nozzle area. 

-_ 

Engine Operating  Point 

The accumulation of boric  oxide  deposits on the metal  surfaces of 
t he  engine resulted i n  decreases f n  the performance o-he turbine and 
the  ta i lp ipe .  In  order t o  evaluate  these perfbrmance  decreases it was 
necessary t o  maintain  the  test  point  throughout  the run u i t h  pentaborane. 
The exhauet-gas  temperature  (fig. 9{a w a s  held  within S O o  op the   s e -  
lected test  point  temperature of ll70 A’ F. To compensate for the  de- 
creases  in turbine and t a i lp ipe  performance it was necesssry to  increase 
the  exhaust-nozzle area t u  maintain this temperature  level. The exhaust- 
nozzle area (fig. 9(b)) was increased  rapidly  during  the e-Ly portion 
o f t h e  run. The f u l l y  open nozzle  position was  reached after 4 minutes 
of  operation. During t h i s  time interval the  nozzle area w a s  increased 
t o  130 percent of rated  nozzle  area. Engine speed (f ig .   9(c>)  was held 
essenttally  constant at rated  corrected  engine  speed  for  the first 8 min- 
utes of operation. However, since  the exhau-et nozzle was f u l l y  open the 
exhaust-gas  temperature  increased  gradually  during  the second 4 minutes, 
and it was necessary at the end of 8 minutes t o  decrease  engine  speed i n  
order to avoid  excessive  overtemperature of the  engine. 

Effect of Oxide Deposits on Component Performance 

The combustion -efficiency  (fig. 10( a) 1 obtained with pentaborane 
f u e l  at the beginning of the  run w a s  95 percent and was equal t o  the  ef-  t 

ficiency  obtained w i t h  gasoline  fuel.  Efficiency  decreased from 95 t o  92 
percent  during  the run. The drop i n  efficiency was probably due t o  the 
malfunctioning  of-some f u e l  nozzles, which  caused p a r t i a l  decomposition 
oesome of the   fue l .  This is evidenced by clinlrer  formations  present i n  

- 
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the combustor. The combustor total-pressure loss {fig.  10(b)) remained 
constant a t  0.053 throughout the run  except  during  the  speed  reduction 
at the end of the  run where the loss decreased  slightly. 

The turbine  efficiency  (fig.  l l ( a > )  decreased from 82 t o  79 percent 
during  the f i r s t  4 minutes of the run. The in i t i a l   e f f i c i ency   l eve l  was 
about the same as that obtained with gasoline. The efficiency  decrease 
af ter   the  f irst  4 minutes w a a  less  than 1 percent. As was mentioned 
previously,  the  turbine  stators had an  accumulation of boric  oxide on 
the  blade  surfaces. This oxide  accumulation resu l ted   in  a decrease i n  
the  stator  effective  f low  areas.  The decrease in   t he   f i r s t - s t age   s t a to r  
area  during  the run is shown i n   f i g u r e  11Cb). The s t a to r  flow area was 
calculated assuming choked f l o w  i n  the s t a to r  passage. The t o t a l  de- 
crease  in  area was 4.7 percent,   the  greatest   rate of =ea change occur- 
ring  during  the  early  portion of the run. This decrease in   s t a to r   a r ea  
required  an  increase i n  compressor pressure  ratio  to  maintain  flow and 
thus  an  increase i n  compressor work. The increase  in  work manifested 
itself as  the  increase  in  turbine  total-temperature r a t i o  shown i n   f i g -  
ure   U(c)  . The effect  of this increase  in work w&s small, however , and 
resul ted  in  only a 15O R increase  in  turbine-inlet  temgerature.  Since 

its effect  on turbine  temperature  ratio was not  discernible. As a re- 
su l t  of the  decrease  in  turbine  efficiency, the increase  in  compressor 

products  of  pentaborane f u e l  as compared with gasoline  fuel, the  turbine 
to ta l -pressure   ra t io   ( f ig .   l l (d>> w a s  necessarily  increased  over  the 
pressure  ratio  required f o r  operation with gasoline f u e l .  The pressure 
ratio  increased  rapidly  during the  f irst  4 minutes and then was essen- 
t i a l ly   cons tan t   a t  a r a t i o  13 percent  higher  than  the  init ial   value.  

. the change i n  turbine s ta tor   area  af ter  4 minutes wss re la t ive ly  small, 

- work, and the change i n   t h e  thermodynamic properties of the combustion 

A comparison of the  turbine-efficiency  decrease for the  engine re- 
ported  herein and that of the  single-stage-turbine  engine of reference 2 
i s  shown in   f i gu re  1 2 .  Generally  speaking, the magnitude of efficiency 
decrease i n  both  cases is similar. However, the  curves  indicate  that 
the rate of efficiency  decrease  early  in  the run was higher  with the two- 
stage  turbine of this  investigation. 

The decrease in   tu rb ine  performance and the change i n  thermodynamic 
properties of combustion  products of pentaborane  both  result  in  increased 
turbine-outlet Mach numbers. Turbine-outlet Mach  number plotted  against 
time i s  shown in   f i gu re  13. Also included is  a  curve showing the Mach 
number variations  for  the  data of reference 2. !he  turbine-outlet Mach 
number f o r  the engine  reported  herein i s  i n i t i a l l y  0.69 but  increases 
rapidly t o  a value of 0.95 at -the end of 4 minutes and then remains at 

at the end of the run. Although the change in   tu rb ine  performance  and 
the cha;n@;e i n  gas  properties were similaz i n  the investigation  reported 
herein and i n   t h a t  of reference 8 ,  the changes i n  turbine-outlet Mach 

. this value  unt i l  speed reduction  causes a small reduct ion  in  Mach  number 
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number were greatly different.  This difference  results  primarily from 
the  extremely  high ini t ia l   turbine-out le t  Mach  number of the  engine used 
i n  t h i s  Fnvestigatian (0.69) as compared t o   t h e  value for the-engine of 
reference 2 (0.49). As t h i s   i n i t i a l  Mach  number level  increases, a given 
percentage change in  turbine  efficiency will have a disproportionately 
greater effect  on t he   f i na l  Mach  number and cormequently on the  pressure 
losses   in   the  ta i lpipe.  

The tailpipe  total-pressure  lose,  which includes  diffuser  losses, 
i s  presented i n  f igure  14(a)   for   the  ta i lpipe used in   this   invest igat ion.  
The pressure loss increased  rapidly from 6.5 t o  21percezrt  during  the 
first 4 minutes of operation and was constant   thereaf ts .  The variation 
in  pressure loss resulted  primarily f r o m  the  increase  in  turbine-outlet  
Mach number mentioned previously and from an  increase in t a i lp ipe  drag 
coefficient due t o  oxide  deposition. 

To separate  the  effects of ta i lpipe Mach  number and drag  coefficient, 
the tailpipe  pressure lose i s  presented in  f igure  14(b) as a function of 
ta i lpipe- inlet  Mach number, tha t  is, turbine-outlet Mach number fo r  both 
the  gasoline and  pentaborane fuel   runs.  The  Mach numbers presented are 
based on the  turbine-outlet  mea of the  clean pipe. The curve f o r  gas- 
oline was obtained by variation of  engine  speed and exhaust-nozzle area. 
The separation of the two curves is believed  principally due t o  changes 
i n  drag  coefficient and changes ir, flow coefficient  or  effective  flow 
area in   the   p ipe  due t o  the presence of oxide  particles on the  walls and 
i n   t h e  gas stream. A change in ta i lpipe drag coefficient would be  ex- 
pected tu   be  more pronounced as the Mach rimer level  increases. The 
contributiom of t h e  flow coefficient- and tEe drag coefficient  could  not 
be determined. 

A comparison of the  tai lpipe  pressure loss of this investigation 
with the loss encountered in reference 2 is  shown i n  figure 15. Curves 
for  both hydrocarbon fue l  and pentaborane fue l   a rE  s h m   f o r  each  engine. 
The dtfference  in  slopes of the  pressure-loss c m e s  of the two engines 
i s  due t o  differences  in   inlet  flow conditions  for  the two pipes  such as 
whirl and tailpipe  configuration. Again it is i-llustrated  that l o w  
turbine-outlet Mach numbers are  necessary t o  minimize ta i lp ipe   to ta l -  
pressure  losses. 

EPfect of Oxide Deposition cm Over-All Performance 

The decrease in   turbine and ta i lpipe performance was r e f l ec t ed   i n  a 
decrease i n  engine  total-pressure  ratio at constan-ne temperature 
r a t io .  The effect of  component performance deterioration on engine  pres- 
sure   ra t io  i s  presented in   f i gu re  16. "he engine  pressure  ratio  decreased 
rapidly from 1.87 t o  1.45 during the first 4 minutes of operation. En- 
gine  pressure  ratio approached an  equilibrium at the  end of 4 minutes of 
operation. The decrease after 8 minutes  resulted  primarily from the  

.. 
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- decrease i n  engine  speed. Although the performance  decrease after 4 min- 
utes was at a reduced rate, an  equilibrium  condition was not  reached  by 
the end  of the run. 

The over-all net t h rus t  of the  engine is presented  in  figure 17 as 
a percent of the thrust obtained with gasoline at the  same operating 
point. There is an i n i t i a l  decrease i n  net t h rus t  of approximately 6 
percent at zero  time. This i n i t i a l  drop i n  thrust i s  due t o  the  effect  
of the change i n   t h e  gas  properties of pentaborane as compared with gaso- 
l ine  on the  performance of the  turbine and tailpipe.  Thrust  continued  to 
drop with pentaborane  operation, a loss i n  thrust of 25 percent  hming 
occurred by the end  of 4 minutes. The thrust  was essentially  constant 
during the second 4 minutes. The loss in thrmst from 8 minutes to  the 
end of the run was primarily due to engine  speed  reduction. 

The variation  in  net-thrust   specffic  fuel consumption in  percent 
of the  specif ic   fuel  consumption obtained with gasoline  fuel i s  shown i n  
figure 18. The i n i t i a l  decrease i n  fuel consumption was 32 percent, which 
is within 1 percent of the  decrease  expected. Eowever, primarily  as a 
resu l t  of the  net-thrust loss, the specif ic   fuel  consumption increased 

utes was only 11.5 percent lower than with gasoline  fuel. 
b rapidly  during  the first 4 d n u t e s  of operation and at the  end of 8 a n -  

A breakdown of the  factors  contributing  to  the thrust losses is pre- 
sented  in  f igure 19. These data  also reflect the  def ic i t   occurr ing  in  
specif ic   fuel  consumption. O f  t h e   i n i t i a l  6-percent loss in thrust men- 
tioned  previously,  the change i n  thermodynemic properties of the cambus- 
t ion  products  results  in a  4.5-percent loss i n  thrust based on the  gas 
conditions at the  turbine  outlet .  This includes a  0.6-percent loss re- 
sul t ing from the mass-flow decrease  caused  by the lower f u e l  flows ac- 
companying the  higher heating  value of pentaborane f u e l .  This i n i t i a l  
loss is  inherent xi th  pentaborane  fuel. The reduction of 0.03 in   tu rb ine  
efficiency produced a direct   thrust  loss of 5 percent. The effect  of the  
turbine-efficiency  deficit i s  further  reflected in the  increased  tailpipe 
total-pressure loss which accounted f o r  an additional  IS-percent  thrust 
loss. 

It is immediately  obvious that   large  thrust  and specific-fuel- 
consumption improvements could  be  realized if no turbine-efficiency  re- 
duction  occurred. The principal  gain would come from reduced ta i lp ipe  
losses, which are  primarily a resu l t  of increased  turbine-outlet Mach n u -  
bers that accompany the turbine-efficiency  deterioration.  Therefore,  in 
this   par t icular   case,  improvements in turbine  efficiency would indirect ly  
r e su l t   i n  mador improvements i n   t h e  engine  net  thrust and specif ic   fuel  

Mach  number can  be minimized  by the use of turbines  that  have low turbine- 
out le t  bkch numbers. 

. consumption. The effect  of turbine performance  changes on turbine-outlet 

- 
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Operational Comments 
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In order to   obtain an engine  operating  reference  point at the test 
a l t i tude  and to   comeme pentaborane fuel,  it was necessary t o  operate 
the  engine on a hydrocarbon fuel .  An attempt w a s  made t o  use Jp-4 as 
the reference-point  fuel. Although the  engine combustor operated with 
this fuel,  considerable  torching  through  the-turbine  occurred. To min- 
imize this  torching a more vo la t i l e   fue l  was needed. A 72-octane  gaso- 
l i ne  was selected and proved t o  be a sa t i s fac tory   fue l   for   use   in   the  
special combust.or . 

SUMMARY OF RESULTS 

A turbojet  engine  incorporating an NACA combustor designed  specif- 
i ca l ly   fo r  use with pentaborane fue l  was operated  continuously fo r  11.5 
minutes on pentaborane fue l .  The engine also had a two-stage  turbine 
in  contrast   to  single-stage  turbines used In all the previously  reported 
full-scale  engine  investigations  with  pentaborane  fuel.  Initially  there 
was a 32-percent  reduction in   spec i f ic   fue l  consumption over that obtained 
with  gasoline  fuel. However, after 8 minutee of operation the net-thrust * 
specif ic   fuel  consumption w a s  only 11.5 percent lower than  for  gasoline. 
The occurrence  of a 25-percent loss in   ne t   th rus t   &ter  8 minutes of oper- 
ation  plus a reduction i n  combustion efficiency  resulted  in this increase ' 
i n  specff ic   fuel  consumption. 

A major portion of the t h r u s t l o s s  was a resu l t  of a reduction i n  
turbine  efficiency. The loss in   turbine performance was relat ively Small; 
the maximum reduction in   e f f ic iency  was only 3 percent. However, since 
the i n i t i a l   o u t l e t  Mach  number  of this   turbine wa8 high, the small reduc- 
t ion  in   turbine  eff ic iency greatly increased  the  turbine-outlet Mach num- 
ber. These high Mach numbers resulted  in  unusually high tailpipe  pressure 
losses and thus thrust losses. The use of a more l igh t ly  loaded turbine 
with correspondingly  lower out le t  Mach numbers would greatly improve the  
over-all  engine performance. 

The low rate of engine  performance  deterioration  after  approximately 
4 minutes of operation,  indicated  an  approach t o  an equilibrium  condition 
between the deposition and erosion of boric  oxide on engine  parts. How- 
ever,  the performance deterioration was continuing a t  @ reduced r a t e  at 
the end of the run. Since the run was only 11.5 minutes i n  length, it i e  
d i f f icu l t   to   p red ic t  from the  data  obtained in t h i s  t e s t   t he   r e su l t  of 
prolonged  operation  with  pentaborane  fuel. 

L e w i s  F l i m  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, March 21, 1957 

. 
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AE'PENDIX A 

SYMBOLS 

The following symbols are used in   th i s   repor t :  

mea, sq ft 

j e t  thrust, lb 

net thrust, l b  

thrust  system scale  reading, lb 

acceleration due to  gravity,   f t /sec2 

t o t a l  pressure,  lb/sq f t  

static pressure, lb/sq ft 

gas  constant, ' ft- lb/(lb) (9) 

t o t a l  temperature, OR 

velocity,  ft/sec 

w e i g h t  flow, lb/sec 

r a t i o  of specific  heats 

efficiency 

Subscripts : 

a 

at 

B 

CZ 

cc . 
f 

- i 

airflow 

atomizing 

combustor 

compressor seal  leakage 

camera cooling 

f u e l  

vena contracta at e*aust-nozzle out le t  

11 
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scale-. 

seal 

turbine 

turbine  flange 

total weight flow 

f r ee  stream 

airflow measuring s ta t ion 

compressor i n l e t  

compressor out le t  

turbine  inlet  

turbine  out l e t  

exhaust-nozzle i n l e t  

exhaust-nozzle  discharge 

. 
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APPENDIX B 

"EODS OF C-IOM 

Airflow 

Engine-inlet  airflow w a s  calculated from measurements at s ta t ion  1 
by use of the following  equation: 

I 

A flow coefficient Cfz of 0.994 w a s  used and is defined as t he  
r a t i o  of the  actual flow t o  the airflow computed on t he  basis of one- 
dimensional flow by use of free-stream total   pressures  and the  static 
pressure  in  the  Venturi  throat. . 

Compressor-leakage,  turbine-flange-cooling,  atomizing-air, and 
camera-cooling  airflows were calculated from to ta l   p ressures ,   to ta l  t em-  
peratures, and static pressure in the  same manner as engine  airflow. The 
airflows and gas flows at the  vazious  stations  throughout  the  engine were 
calculated aa follows: 

W = w  a,2 a , l  

w = w  - w  - w  a,3 a,2 a,CZ a,Tf 

W a,$ "a,3 + Wa,at 

W = w  a,5 a,4 

w = w  - w  + w  + W  a,9 a,2 a,CZ a,at a,cc 

w = w  + w  t , 4  a,4 f 

W = w  + W  t , 9  a,9 f 
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Thrust 

NaCA RM E57C20 

The over-all jet  thrust  determined from the thrust-system measure- 
ments was calculated from the following  equation: 

F j = F, + Asz(P1 - P10) 
where A,I is  the mea of the seal around the engine in l e t .  

The net  thrust  w a s  determined by subtracting the i n l e t  momentum from Ei 
the  jet thrust:  . 

The calculated jet thrus t  used in  determhing  the breakdown of thrust  
loss was obtained from the  following equation: 

The calculation was  m a d e  using the measured values of pressure, tempera- 
ture,  and mass flow a t  the turbine  outlet .  A value  for the velocity co- 
e f f ic ien t  Cv of 0.95 was determined for the exhaust  nozzle from a r a t i o  
of measured j e t   t h rus t  t o  calculated jet  thrwt a t  the exhaust-nozzle. 

Combustion Efficiency 

Combustion efficiency i s  defined 88 the  ra t io  of ideal engine f u e l  
f l o w  t o   ac tua l  engine fue l  flow: 

Wf , i d  - 
rlB - Wf,act 

The idea l   fue l  f low is defined as the fuel flow required  to   sat isfy 
a  heat  balance aCr08B the engine using the  measured temperatures and  an 
ideal  combustion process.  Fuel flows associated  with  ideal combustion 
processes were obtained from unpublished data. 

Combustor-Outlet  Temperature 

A heat  balance  across  the combustor u i n g   t h e   i d e a l  engine f u e l  flow 
and the combustor-inlet  temperature was made to   calculate  combustor-outlet 
temperature. The temperature .rise associated  with  an ideal fuel f l o w  w a s  - 
obtained from unpublished  data. 
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Turbine  Efficiency 

15 

Turbine  efficiency w a s  calculated from the following equation: 

*5 

T4 
1" 

Area 

Turbine s ta tor  area and exhaust-nozzle area were calculated as 
follows : . "" 

where P/p is considered c r i t i c a l .  

' - '1 
Turbine-Outlet Mach  Number 

The turbine-outlet Mach  number  was calculated  using the m a s s  flow, 
t o t a l  temperature, total   pressure,  and area at the  turbine  outlet .  

1. Useller, James W., Kaufman, Warner B., and Jones, W i l l i a m  L.: Altitude 
Performance of a Full-scale Turbo jet w i n e  U s i n g  Pentaborane  Fuels. 
NACA RM E54K09, 1957. 

2. Useller, James W., and Jones, William L.: Extended Operation of Turbo- 
j e t  Engine  with  Pentaborme. NACA RM E55L29, 1957. 

3. Kauf'man, W a r n e r  B., Cezberg, Ekwin A,,  and Breitwieser, Roland: Pre- 
.) liminary  Evaluation of Pentaborane in a 1/4-Sector of ~LI Experi- 

mental Annulax Combustor. NACA RM E56B13, 1957. 
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Figure 4 .  - Fuel-nozzle assembly. 

NACA RM E57C20 

In@; air 

I 



- .. . . . . . . . . . . . . . . . . . . . . . . . . . 

6 Eelim storage 

. . . . . . .. . . . . - . . . . . . . . . . . ... . . .. . . . . . . .. . .- i r  "'S 

c 0 

r, 
4 I 

I lowmeter 

Figure 5. - Magram of pentaborme fuel system. 

i 

E 
d 
N 
0 

I 

:I I 
N 
P 

... 



22 R NACA RM ESj'C20 

. 



NACA RM E57C,20 0 23 



Gas flow 
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( c )  Schematic sketch of cambustor wall showing location of boric oxide  deposits. 

Flgure 6. - Concluded.  Oxide deposition on CombU6tOr parts. 
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(a) Exhaust-gas temperature. 
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(b) Exhaust-nozzle area. 
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( c )  Corrected engine speed. 

Flgure 9. - VEtriatLon i n  exhaust-gas +tal temperature,  exhaust-nozzle 
mea,  and corrected  enghe speed with ti- for operation vith 
pentaborane. 
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Figure 11. - Effect of operatlon uith peutaborane fuel on turbine 
peflormance . 
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Figure 13. - Variation of turbine-outlet Mach number during operation 
with pentaborane fuel. 
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(b) Eefect of t a i l p i p e - i n l e t  Mach number. 

Figure 16. - Effect  of operation with pentaborane  fuel on ta3Jpipe 
performance. 
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Figure 16. - Effect of operation with pentaborane fuel on engine total- 
pressure  ratio. 
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